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REMARKS/ARGUMENTS 

The Office Action of March 30, 2006, rejected the claims as anticipated in view of a 
patent to Kim (U.S. 6,091,471) on the ground that liquid crystal cells having an in-plane 
switching mode inherently include interdigitated electrodes. The Office cited to Tomioka 
(U.S. 6,682,783) as support for the Office's assertion that liquid crystal cells having an in- 
plane switching mode inherently include a group of interdigitated electrodes . 

Applicants traverse the Office's assertion that liquid crystal cells having an in-plane 
switching mode inherently include interdigitated electrodes. Applicants submit that it is 
readily recognized by those of ordinary skill in the art that many different types of liquid 
crystal cells having an in-plane switching mode without interdigitated electrodes are known. 
For example, at least the following types of liquid crystal cells have an in-plane switching 
mode but do not have interdigitated electrodes: (i) surface stabilized ferroelectric liquid 
crystal display devices, (ii) flexoelectric liquid crystal cell display devices, and (iii) field- 
controlled anchoring liquid crystal display devices. 

Applicants submit herewith a copy of a publication by Clark "Sub-Microsecond 
Bistable Electro-Optic Switching in Liquid Crystals." Clark discloses a surface stabilized 
ferroelectric liquid crystal display device that carries out switching of the orientation state of 
different in-plane directions by electric field manipulation of opposite ferroelectric 
polarization (e.g., by spontaneous polarization of ferroelectric liquid crystals caused by a 
vertical electrical field electrode present on an opposing surface which causes a change in 
orientation state). See, for example, the Abstract of Clark where it is stated that electro-optic 
effects are obtained from the ferroelectric polarization technique. An interdigitated electrode 
is not disclosed as an element of the Clark device. 

Patel ("Flexoelectric Electro-optics of a Cholesteric Liquid Crystal") proves that other 
liquid crystal cells having an in-plane switching mode without interdigitated electrodes are 
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known. The electro-optic effect of the Patel publication is attributed to a flexoelectric effect 
imparted by an electric field applied perpendicular to a surface. The in-plane switching mode 
display devices of Patel do not include interdigitated electrodes. 

Applicants further provide Jaegemalm ("An Electro-Optic Device Based on Field- 
Controlled Anchoring of a Nematic Liquid Crystal") as evidence that liquid crystal cells 
having an in-plane switching mode do not inherently have interdigitated electrodes. 
Jaegemalm describes a further type of liquid crystal cell having an in-plane switching mode 
that does not have any interdigitated electrode. The. display device of Jaegemalm operates 
through the application of an electric field applied in a normal orientation to the device 
surfaces. The field-controlled anchoring liquid crystal display device of Jaegemalm does not 
have any interdigitated electrode. 

Applicants submit that the three publications mentioned above, i.e., Jaegemalm , Patel 
and Clark , prove that it is readily recognized by those of ordinary skill in the art that a liquid 
crystal cell having an in-plane switching mode does not inherently include a group of 
interdigitated electrodes. Thus, the Office's basis for asserting that the Kim prior art 
inherently discloses an in-plane switching mode liquid crystal cell having a group of 
interdigitated electrodes is not correct. Because interdigitated electrodes are not inherently 
present in liquid crystal cells having an in-plane switching mode, the Office has not met its 
burden in establishing that the presently claimed invention is anticipated by the cited prior 
art. 

Applicants request withdrawal of the rejection under 35 U.S.C. § 102(b). 

The Office further asserted that the mechanical rubbing of Kim may provide a low 
pretilt angle, i.e., almost zero degrees (see page 2, fourth full paragraph of the Office Action 
of March 30, 2006). Applicants traverse the Office's assertion that mechanical rubbing can 
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provide a pretilt angle of substantially 0°. The arguments of the July 12, 2005 Amendment 
are reproduced here in part for convenience. 

Applicants submit that it is generally recognized by those of skill in the art that 
mechanical rubbing cannot provide an alignment layer wherein the pretilt angle is 
substantially 0°. Applicants previously submitted copies of J. Appl. Phys., 62 4100, 1987 
( Geary ) and Jpn. J. Appl Phys., 34 L503, 1995 (Seo) with the Amendment of July 12, 2005 
as evidence that mechanical rubbing cannot provide a pretilt angle of substantially 0°. 

Geary discloses in section II and in Figure 1(C) that a tilt bias is generated by buffing 
(e.g., by mechanical rubbing treatment). See, for example, the disclosure on page 4101 first 
full paragraph, left column and Figures 1(A)-(C) of Geary . 

Likewise, Seo discloses in section III that a pretilt angle (e.g., identified as 0o) may 
be generated by mechanical rubbing. In Seo the polymer surface is disclosed to have a tilt 
angle of 0° before the mechanical rubbing (i.e., where the rubbing strength, RS, is 0). After 
the rubbing however, a pretilt angle 0o is present (see Figure 5(A)-(E)). Thus, Seo discloses 
that when a surface having a pretilt angle of 0° is subjected to mechanical rubbing, the 
surface subsequently has a pretilt angle that is not substantially 0°. 

Applicants submit that Geary and Seo demonstrate that those of ordinary skill in the 
art readily recognize that mechanical rubbing cannot provide a pretilt angle of substantially 
0°. Therefore, the Office's assertion that the first alignment layer of Figures 14(A)-(C) (e.g., 
ref. no. 8) has a pretilt angle of almost 0° after mechanical rubbing is not correct. 

The Office cited to Figures 14(A)-(C) as support that Kim discloses a device having a 
pretilt angle of substantially 0°. Applicants note that Figures 14(A)-(C) show pretilt angles 
with a one-headed arrow. As Applicants have previously argued, it is readily recognized by 
those of ordinary skill in the art that a one-headed arrow indicates a pretilt angle that is not 
substantially 0°, in contrast to two-headed arrows which may have a pretilt angle of 
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substantially 0°. As that this meaning of one-headed and two-headed arrows is generally 
recognized by those of ordinary skill in the art, Applicants submit herewith two technical 
publications. Seo ("Effect of the Polymer Tilt Angle for Generation of Pretilt Angle in 
Nematic Liquid Crystal on Rubbed Polyimide Surfaces"), discloses in Figure 5 the effect of 
rubbing on a surface. The rubbing direction is indicated in Figure 5 of Seo with an arrow. 
The arrow corresponds with the direction of the pretilt angle which is also indicated by the 
symbol 0o. Seo demonstrates that the direction of mechanical rubbing corresponds to the 
orientation of the pretilt angle and, as is readily evident from the drawing of Figure 5 of Seo , 
is not substantially 0°. 

Applicants further draw the Office's attention to the publication by Lien ("UV 
Modification of Surface Pretilt of Alignment Layers for Multidomain Liquid Crystal 
Displays"), which shows the effect of rubbing directions on pretilt angle. The pretilt angle of 
the substrate is demonstrated by a series of parallel hashed lines. The corresponding rubbing 
directions are represented by the crossed arrows shown as (c). Applicants submit that Lien 
discloses that pretilt angle corresponds with rubbing direction and that rubbing direction 
cannot provide a pretilt angle of substantially 0°. Thus, when a rubbing direction is shown, it 
synonymously represents the direction of the pretilt angle which is not substantially 0°. 

It follows that a two-headed arrow indicates a pretilt angle of substantially 0°, e.g., 
where the direction of the pretilt is equivalent in both directions and accumulative pretilt 
angle must be substantially 0°. 

The Office further cited to column 5, lines 30-32 and Figure 4 of Kim as support for 
the rejection (see the fourth paragraph on page 2 of the March 30, 2006 Office Action). 
Applicants note that the disclosure at column 5, lines 30-32 is in reference to Figure 3 of Kim 
which describes the photo-irradiation of an alignment layer (Reference No. 9) which is 
present on a substrate (Reference No. 2) shown in Figure 2 of Kim . The photo-irradiation of 



5 



Application No. 10/070,908 

Reply to Office Action of March 30, 2006 

Figure 3 of Kim is not carried out on both substrates and both alignment layers of a liquid 
crystal display device having a pair of substrates. In contrast, the presently claimed invention 
is drawn to a liquid crystal display device having at least a pair of substrates . Thus, the 
disclosure at column 5, lines 21-32 and Figures 2-4 of Kim discloses that only one alignment 
layer and substrate layer are irradiated. This disclosure cannot serve as evidence that the 
presently claimed invention is anticipated because it does not disclose that both substrates of 
liquid crystal display device (e.g., a liquid crystal cell) having a pair of substrates are 
irradiated. The photo-irradiation of Figure 3 is carried out on only one substrate (i.e., 
Reference No. 2) and only one alignment layer (i.e., Reference No. 9), see Figure 2. Figure 
5a shows that a different substrate (i.e., Reference No. 1) and a different alignment layer (i.e., 
Reference No. 8) are rubbed but are otherwise not exposed to photo-irradiation. 

Thus the Office's citation to Figure 4 and/or column 5, lines 30-32 of Kim as 
evidence that the presently claimed invention is anticipated is factually incorrect. 

Applicants submit that the presently claimed invention is not anticipated by Kim as 
evidenced by at least (i) the fact that the Office cites to disclosure of Kim which does not 
describe a device having a pair of substrates both of which are irradiated, (ii) mechanical 
rubbing cannot provide a pretilt angle of substantially 0°, (iii) those of ordinary skill in the art 
readily recognize that a liquid crystal cell having an in-plane switching mode does not 
inherently have interdigitated electrodes, and (iv) the one-headed arrows used in the figures 
of Kim describe pretilt angles that are not substantially 0°. 
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In view of the foregoing, Applicants submit that the Office's rejection of the present 

claims is not supportable and should be withdrawn. Applicants request withdrawal of the 

rejections and the passage of all now-pending claims to Allowance. 



Respectfully submitted, 



OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 
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An electro-optic device based on field-controlled anchoring of a nematic 
liquid crystal 

P. Jagemalm, a) L. Komitov, and G. Barbero b) 

Department of Microelectronics and Nanoscience, Chalmers University of Technology, 
412 96 Goteborg, Sweden 

(Received 30 December 1997; accepted for publication 21 July 1998) 

A surface-controlled electro-optic device using a nematic liquid crystal enclosed between two thin 
spaced glass plates is presented. Modulation angles of the optic axis up to more than 70° can be 
achieved even for small applied voltages. The switching of the optic axis occurs with a large 
component in the plane of the sample even though the electric field is applied normal to the sample 
surfaces. The effect seems to be driven by the dielectric coupling of the liquid crystal molecules 
with the applied electric field. The field induced switching process is governed by the bounding 
surfaces that have been covered with obliquely evaporated SiO x . The mechanism of the 
phenomenon is briefly discussed. © J 998 American Institute of Physics. 
[S0003-695 1 (98)02238-4] 



In nematic liquid crystals, the average orientation (n) of 
the long molecular axis of the rod-shaped molecules takes on 
the properties of a macroscopic optic axis. Since the orien- 
tation of the molecules is easily altered with external fields a 
number of electro-optic devices have been suggested and re- 
alized. One of the major applications for liquid crystals is in 
flat panel displays. Many of these displays have suffered 
from a limited viewing angle due to the fact that the switch- 
ing of the molecules (and thus the optic axis) occurs perpen- 
dicular to the plane of the display area and the image contrast 
becomes dependent on the position of the observer. During 
the last 15 years attention has therefore been focused on 
techniques where the optic axis can be switched in the plane 
of the display. 1-3 However, for in-plane switching in nemat- 
ics the electric field usually has to be applied in the plane of 
the display which causes problems with resolution and addi- 
tional costs. One of the techniques suggested for avoiding 
this problem involves bistable switching of the liquid crystal 
molecules in a sandwiched cell whose substrates were cov- 
ered with obliquely evaporated SiOjr . 4,s In this letter we re- 
port on an electro-optic device where the switching is based 
on the same type of substrates. 

Recently a temperature induced anchoring transition in 
nematic liquid crystals aligned by evaporated S'\O x has been 
reported. 6,7 It was shown that the molecular orientation in the 
so-called twofold degenerate alignment is temperature de- 
pendent. This type of alignment can be found for a small 
interval of evaporation angles, 6,8 " 11 typically in the range of 
67°-75°. For higher and lower evaporation angles two uni- 
form monostable types of alignment are found where the 
molecules lie in the evaporation plane (2) and with a certain 
pretilt (nil 2, O°<0<9O°, <f> = 0°) for high evaporation 
angles and perpendicular to the evaporation plane and with 
zero pretilt (nJ_2, 0=90°, 0 = 90°) for low evaporation 
angles, (see Fig. 1). Thus, the temperature induced anchoring 
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transition mentioned above can be seen as a continuous tran- 
sition between these two monostable states. Here, we report 
on how this anchoring transition is affected by applying an 
electric field perpendicular to the cell substrates, or in other 
words the electro-optic response of the cell in the transition 
region. The remarkable feature of our technique is that even 
though the field is applied perpendicularly to the cell there is 
an effective rotation of the optic axis in the plane of the 
sample. So far, the only similar study that has been per- 
formed in this field was presented by Nobili and Durand, 12 
but it was performed for samples at the opposite limit of the 
twofold degenerate (bistable) alignment for another purpose. 

The cells used in this study were of the conventional 
sandwich type consisting of two indium— tin-oxide (ITO) 
coated glass plates (Baltracon Z20) with alignment layers of 
obliquely evaporated SiO^ . The SiO x was evaporated at 8 
A/s to a total thickness of 200 A (measured perpendicular to 
the substrate) and at an angle a =74° from the substrate 
normal. All depositions were carried out at room temperature 
and in high vacuum (10~ 7 mbar, SiO source). Cells with 
cell gap d— 3 and 6 jxm were assembled. The nematic liquid 
crystal material used was E7 (Merck), which has positive 
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FIG. I. Schematic representation of the switching of the liquid crystal mol- 
ecules close to the interface cell substrate (SiO jr )/liquid crystal when an 
electric field is applied. The SiO, evaporation plane is represented by X, the 
evaporation angle by a, and the polar and azimuthal angle by 0 and <f> 7 
respectively. 
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FIG. 2, The effect of an applied electric field (t/pp) on the temperature 
induced reorientation of the optic axis in a cell with the twofold degenerate 
alignment. Large switching angles can be achieved even for small applied 
voltages in the high temperature interval. The SiO, evaporation angle is a 
= 74°. 



dielectric anisotropy, Ae>0. The filling of the cells was per- 
formed under vacuum and with the liquid crystal material in 
the isotropic phase. Special attention was paid to the filling 
process since the selection of molecular orientation is 
strongly dependent on this process. 13 We were able to obtain 
textures with only one of the two possible orientations in the 
twofold degenerate alignment in most of the cells. The in- 
vestigations of the cell textures were performed in a polariz- 
ing microscope (Zeiss Photo microscope II Pol.) equipped 
with a hot stage (Mettler FP52) for temperature control and 
with the possibility of applying ac or dc electric fields to the 
cells. 

In a cell with the SiO, alignment layer evaporated at a 
= 74° the director is found to be oriented close to the evapo- 
ration plane at low temperatures (see Fig. 2). As the tempera- 
ture increases, the director reorients towards the position per- 
pendicular to the evaporation plane with zero pretilt. (It has 
been shown that this anchoring transition essentially follows 
a plane which is tilted about 20° with respect to the 
substrate. 14 A small hysteresis has then been neglected. 6 ) 
However, if an electric field is applied across the cell, the 
magnitude of the thermal reorientation of the preferred direc- 
tion of alignment changes. The reorientation starts approxi- 
mately at the same temperature independently of the applied 
voltage while the maximum rotation of the director is signifi- 
cantly smaller with the voltage applied than without (see Fig. 
2). The higher the applied voltage is, the smaller the reori- 
entation is. The voltage dependence depicted in Fig. 2 was 
obtained using an ac voltage of /= 100 Hz applied over the 
transparent ITO electrodes on the two substrates. By switch- 
ing the electric field on and off, we can thus reorient the 
director and thereby achieve a large modulation of the azi- 
muthal angle, <f>, of the optic axis in the high temperature 
interval. Examples of such measurements are shown in Figs. 
3(a) and 3(b) where the normalized azimuthal angle <f> norm 
= <f> m?lX — <KE) has been plotted for two cells with a different 
cell gap as a function of the applied voltage (<£ max is the 
maximum azimuthal angle induced by increasing the tem- 
perature, </> m ax ff53 89 0 ). The maximum reorientation of the op- 
tic axis is found to be approximately 75°. However, at the 
high voltages required for these large angles the dielectric 
coupling with the electric field increases the average molecu- 
lar tilt from the substrate and thus decreases the birefrin- 
Downloaded 29 Jun 2006 to 150.29.254.114. Redistribution subject 
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FIG. 3. Normalized azimuthal angle of the optic axis, <f> noTm , as a function 
of the applied voltage (U pp ac voltage, /= 100 Hz, 7^50 °C). In (a) (cell 
gap d=3 fim) the small hysteresis found is shown, whereas in (b) a com- 
parison between two cells with cell gap d = 6 /xm and </= 3 fxm is shown for 
increasing 7*. The evaporation angle is the same as in Fig. 2. 



gence of the sample. The result is a decrease of the contrast. 
The optical response time is fairly short, about 1 ms in rise 
time (10— *90%) and 1.5 ms in decay time for a pulse of 6 V 
applied to a cell with a cell gap d— 6 /im. The cell texture 
was homogeneous and the switching occurs over the entire 
electrode area. 

The reorientation of the optic axis shown in Figs. 3(a) 
and 3(b) has a small but noticeable threshold voltage. This is 
probably due to the symmetry of the initial nematic orienta- 
tion and can be described as a Freedericksz transition 
effect. 15 The criti cal vo ltage for reorientation is then given 
by V c = E c d=7Tylk/\e a \ [independent of cell thickness d, as 
shown in Fig. 3(b)] which for the nematic material E7 is on 
the order of 2 V. Above the threshold, the reorientation is 
almost linear for small applied voltages and then it saturates 
as the voltage is increased. To describe the effect of an ap- 
plied electric field along the normal of the sample, E = Ez, 
we write the total energy per unit surface area of the sample 
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where the sign + holds for positive dielectric anisotropy e u 

>0, and — for 6 fl <0. The factor k is the nematic elastic 

constant (one constant approximation) and F s (0 S9 <f> s ) is the 
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anisotropic part of the surface energy on the substrates at z 
= ±dl2[0 s =6 {±dl2) i <t> s =<f>(±d/2)]. The term f 
= \lk/(\e a \E 2 ) is the electric coherence length and gives an 
idea of the length over which the effect of the electric field 
on the director overcomes the orienting effects of the walls. 
Now, the actual values of 8(z) and <f>(z) are the ones mini- 
mizing F{6,4>) given by Eq. (1). The minimization of Eq. 
(1) leads to differential equations with belonging boundary 
conditions. For voltages higher than the critical one, given by 
the Freedericksz transition described above, it is possible to 
show 17 that the contribution (F c \) from the applied electric 
field to the surface energy can be taken into account by 
changing the anisotropic part of the surface energy F s to an 
"effective" surface anchoring energy, Fj ff . To model the 
anisotropic part of the surface energy we make use of a 
Landau-de Gennes power series expansion which correctly 
describes the symmetry of the evaporated SiO x surface. 14 
The expansion has been shown to give a good fit of the 
temperature induced transition 14 where the director reorients 
on a plane, as described above. Let p = cos 6 S and q 
= sin & s cos 4> s , then the surface energy can be expressed as 

Ff( 0 5 , 4>s) =Up 2 +\Bp 4 +ia<I 2 +it>q 4 + ±cp 2 q 2 + *d , 

(2) 

where A, B, a, b, and c are temperature dependent phenom- 
enological parameters. By minimizing the effective surface 
energy one deduces that 17 



(v+7} cos 2 6 s )cos 0 s = y 



and 



y/-[(a/b) + (c/b)cos 2 0 S ] 
sin 6 S 



(3) 



where v, rj and a, b, c are free parameters which can be used 
to fit experimental data and V is the applied voltage. Even 
though the model is simple and Eq. (3) above does not con- 
tain all the details of the reorientation (a more detailed de- 
scription including simulations of experimental data is in 
progress 17 ), it is evident that an induced change of the polar 
angle may also lead to a reorientation in the azimuthal direc- 
tion. The qualitative idea is that the two angles 6 and <p are 
coupled 8,6,14 and that the change of the polar angle 0, in- 
duced by the coupling with the field, automatically gives rise 
to a change in the azimuthal angle, at least for the molecules 
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near the surfaces. This is supported by the fact that the model 
seems to give the most correct predictions when the mol- 
ecules close to the surfaces are bound to reorient on an 
imaginary plane, which is characterized by the same param- 
eters as previously used to described the plane for the tem- 
perature induced transition. 

To conclude, we have presented a device based on an 
electro-optic effect that involves switching of the optic axis 
with a large component in the plane of the sample even 
though the electric field is applied normal to the bounding 
surfaces. Large switching angles can be achieved for small 
voltages and the optical response time is short (1 ms for 
£/ pp =6V and d=6 /j,m). A simple model has been sug- 
gested, based on the dielectric coupling of the liquid crystal 
molecules with the applied electric field. If the temperature 
range of the twofold degenerate orientation can be extended, 
this new technique offers a wide potential for applications. 

Two of the authors, P. J. and L. K., acknowledge finan- 
cial support from the Swedish Research Council for Engi- 
neering Sciences. They also thank A. K. Zvezdin for fruitful 
discussions and I. Dierking for comments on the manuscript. 
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Flexoelectric Electro-optics of a Cholesteric Liquid Crystal 

J. S. Patel 

AT&T Bell Laboratories. Murray Hill. New Jersey 07974 
and 
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A linear electro-optic effect in a cholesteric liquid crystal is described and attributed to the flexoelec- 
tric effect. An electric field applied perpendicular to the helix axis rotates the director about an axis 
parallel to the field. This produces a periodic splay-bend pattern in the helix, which couples flexoelectri- 
cally to the field. 

PACS numbers: 6l.30.Gd, 78.20. Jq 



The helical structure of a cholesteric liquid crystal can 
be modified or even completely unwound by an applied 
electric field. This is well understood in terms of the 
coupling of the electric field to the dielectric anisotropy 
of the liquid crystal, an effect which is quadratic in the 
amplitude of the electric field. In this Letter, a new 
effect is described which is linear in the electric field, and 
therefore arises from a different coupling mechanism. 
Following a description of the observations, an explana- 
tion is proposed in terms of the linear flexoelectric effect, 
which accounts for all the experimental observations, 
and predicts some other properties that can be tested. 

The phenomenon is readily observed in a uniformly 
aligned parallel-plate cell in which the helical axis of the 
cholesteric lies parallel to the glass surfaces in a unique 
direction. The inner surfaces of the cell are coated with 
transparent electrically conductive layers so that an elec- 
tric field can be applied perpendicular to the plates and 
to the helix axis. When such a cell is observed between 
crossed polarizers, extinction is observed whenever the 
helix axis is parallel or perpendicular to the polarizer, 
since macroscopically a small-pitch cholesteric acts like a 
uniaxial crystal with the helix as its optical axis. In this 
extinction configuration, when a small electric field is ap- 
plied, the cell transmits light, indicating a rotation of the 
optical axis in the plane of the cell. By rotation of the 
cell through a small angle, extinction is once again 
achieved. It is found that the rotation direction changes 
with the polarity of the field and the rotation angle is 
linear in the field amplitude, at least for small fields. 

This effect has been observed in several different 
cholesterics. Figure 1 displays results for S-4-n- 
nonyloxyphenyl -4 '- (3 7 "-dimethyloctyloxybenzoyloxy ) 
benzoate, in a cell approximately 2.75 /*m thick and with 
indium-tin oxide electrodes coated with poly- 1,4- 
butyleneterephthalate to produce parallel molecular 
alignment at the surface. 1 Initial alignment of the helix 
axis parallel to the glass was achieved by cooling of the 



sample from the isotropic state in the presence of an 
electric field. Because this material has a positive dielec- 
tric anisotropy, this orientation of the helix has the 
lowest dielectric energy. This geometry should produce 
a fingerprint texture. However, this texture was not visi- 
ble at low fields, in the material being examined, because 
of the short pitch comparable to the wavelength of the 
light. It was nevertheless clearly evident in the presence 
of an electric field at values close to the unwinding volt- 
age. Measurements of the effect were then made with a 
40-Hz square wave of variable amplitude, monitoring the 




E (KV/cm) 

FIG. 1. Rotation of the optical axis (tan#) vs applied field 
(E) 
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transmitted light intensity with a photodiode and an os- 
cilloscope. For each field amplitude the cell was rotated 
clockwise and counterclockwise to find the extinction an- 
gles for each polarity of field. The dependence of rota- 
tion angle on field is linear up to the field at which the 
dielectric coupling results in unwinding the helix. Al- 
though this effect is clearly observed in thicker samples 
(14 /im), the poor quality of alignment prevented quan- 
titative measurements in these samples for this material. 

It is proposed that these observations are explained by 
the flexoelectric effect, which is a linear coupling be- 
tween an electric polarization and splay and bend defor- 
mations of the liquid crystal. Although the flexoelectric 
effect has been known and studied for a long time, it has 
played a secondary role in the phenomenology of liquid 
crystals because of its complex geometrical require- 
ments. It is most easily observed when either the liquid 
crystal 2,3 or the electric field 4 is highly inhomogeneous in 
orientation. The present case is no exception in this re- 
gard, although it is simpler in practical respects than 
other flexoelectric phenomena. 

One of the first flexoelectric phenomena proposed by 
Meyer 5 is one in which a uniform electric field induces 
the formation of a continuously rotating director struc- 
ture consisting of alternating bands of splay and bend 
deformation, as seen in Figs. 2(d) and 2(e). The forma- 
tion of such a structure from a uniformly aligned nemat- 
ic has never been observed, for two reasons. First, the 
flexoelectric effect must compete with ordinary dielectric 
anisotropy, and the latter coupling usually dominates, 
maintaining uniform orientation. Second, the continu- 
ously rotating director pattern would have to be formed 
by the generation and movement of defects through the 
sample, which would occur most easily with high static 
fields. However, high static fields usually induce elec- 
trohydrodynamic instabilities that would obscure the 
flexoelectric structure. 

Starting from the helical cholesteric structure rather 
than the nematic ground state circumvents these two 
problems. The director is already continuously rotating 
in the cholesteric, in a pure twist fashion. It remains 
only for the flexoelectric effect to modify this structure to 
introduce components of splay and bend curvature. This 
is achieved by rotation of the director about an axis 
parallel to the electric field, as shown in Fig. 2. In both 
sign and magnitude the splay and bend deformations 
vary linearly with the rotation angle, at least at small an- 
gles. Our understanding of this geometry came partly 
from the elegant work of Bouligand, among others, who 
studied cholesteric structures in biological materials such 
as insect and crab cuticle and dinoflagellate chromo- 
somes. 6 Microtomed specimens in which the slice is tak- 
en at an oblique angle to the cholesteric helix axis exhib- 
it the multiply arched pattern of Figs. 2(d) and 2(e). 

To make this model quantitative, consider a cholester- 
ic helix in which the director n is parallel to the x~y 
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FIG. 2. The helical structure viewed normal to the helix 
axis, (a) in the absence of an electric field, and (b),(c) in the 
presence of an electric field perpendicular to the plane of the 
drawing, which shows the induced director rotation. (d),(e) 
Cross sections of the helix as indicated by the lines in (b) and 
(c), displaying the splay-bend pattern. 



plane, with n x =»cos0 and n y — sin0. In the presence of 
an electric field E along the x direction, it is proposed 
that the helix axis which was initially along the z direc- 
tion rotates by an angle <f> about the x axis (in the labo- 
ratory frame of reference, the helix axis is fixed for the 
sample geometry studied, and the x-y plane rotates by 
— 0). Splay and bend deformations are described by 
vector fields S and B, parallel to the x-y plane, given by 
S-n(V n) and B-nxVxfi. Twist is described by 
/ =*£♦ Vxfi. The free-energy density /for a cholesteric of 
equilibrium twist / 0 is 

f~\ {K x S 2 +K 2 Uo-t) 2 +KiB 2 }-e s &S 

-e 6 EB + (l/8^)f fl £: 2 sin 2 0, (1) 

in which the K, are the splay, twist, and bend elastic con- 
stants, e s and et are the splay and bend flexoelectric 
coefficients, and € a is the anisotropic part of the dielec- 
tric constant. 

To see the consequences of the flexoelectric effect in 
the simplest form, it is assumed that K\ —#3, e Q —0, and 
e s — eb—e % the mean flexoelectric coefficient. If we 
denote partial derivatives by subscripts, the free-energy 
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density reduces to 

f=±K i oZ-e£ey+±K 2 Uo-e:) 2 . (2) 

This is clearly minimized by 0 Z =/o and 9 y *=eE/K\. If 
we denote the rotated helix axis by a wave vector k, with 
9= s 0o+k- r, then /ccos0*=/o and k sin& a eE/ K\. The 
rotation angle is given by tan0 ~*eE/ toK i, which is linear 
in E for small rotations. With use of this expression, and 
the value of the slope in Fig. 1, it is found that 
e^xlO" 5 cgs units, for K x =K 3 — I x 10 " 6 dyn and 
helix pitch ^O.S ^m. This value is similar to those for 
other liquid crystals. 4 - 7 At first it may seem strange that 
the free energy is lowered by a uniform rotation of the 
molecules about the electric field direction, but it should 
be recalled that the flexoelectric coupling induces curva- 
ture, not alignment. 

A drawback of this simplified theory is that it ignores 
the dielectric coupling, which distorts and eventually 
unwinds the helix. It is interesting to determine how the 
flexoelectric effect influences the helix unwinding field. 
Still, under the assumption of a uniformly rotated helix 
axis, the definition of a spatial coordinate h along the 
helix axis results in 9 Z —0/,cos0 and 6 y — 0/,sin0. Let us 
assume K\ a Ky to simplify the mathematics without 
serious loss of generality; then the free energy can be 



written 

f-A0i + B0 h + C+ ± K 2 li, (3) 

A - t (AT,sin 2 0 + Ar 2 cos 2 0), (4) 

B — ( — ^cos 2 0 — ^sin 2 0)£sin0 — tf 2 /ocos«>, (5) 

C^(\/Me a E 2 sin 2 e. (6) 



This form of free-energy density can be dealt with by the 
same methods used to understand the unwinding of the 
helix by the simple dielectric coupling. The first integral 
of the Euler-Lagrange equation is given by Oh ™ ± t(C 
+ Q)/A] l/2 y in which Q is a constant of integration. 9 
can be written in terms of elliptic integrals. By our sub- 
stituting this form of 9 h into the mean free energy and 
minimizing with respect to <f> and Q, it is possible to 
derive expressions for the pitch of the helix and the rota- 
tion angle <p as a function of electric field. Surprisingly, 
the simple result for tan#, derived above, remains valid 
even in this much more general case. 

The critical field E c for unwinding the helix is, howev- 
er, modified by the flexoelectric coupling: 

E c - 1 KitUnKj/ic* - n^e 2 Kr x )] ,/2 . (7) 



The effective dielectric anisotropy is thus reduced by the 
flexoelectric effect. Since the flexoelectric coupling tends 
to keep the director in a helical configuration, it opposes 
the dielectric coupling, and can substantially increase the 
critical field over what it would be if e were zero. 

This prediction can be tested by the study of the fre- 
quency dependence of the flexoelectric effect and of the 
critical field. A remarkable feature of this form of the 
flexoelectric effect is that a small homogeneous rotation 
of all the molecules in the system produces a short wave- 
length periodic splay-bend structure with a small intrin- 
sic relaxation time. In the materials that have been stud- 
ied, the flexoelectric distortions follow the field up to fre- 
quencies of several kilohertz, above which rotational 
viscosity suppresses the response. At high frequencies 
therefore the critical field for unwinding the helix should 
decrease. In the materials that have been tested, the 
flexoelectric effect has been small enough and the fre- 
quency dependence of the dielectric anisotropy large 
enough to make this experiment ambiguous. 

The practical applications of this new effect remain to 
be explored. To maximize the reponse, it is desirable to 
have a material which has large flexoelectric coefficients 
of the same sign, a requirement about which little is 
known at the level of designing new molecules. To 
achieve large rotation angles in this effect, it is necessary 
to avoid the unwinding of the helix by the dielectric cou- 
pling, which suggests that the dielectric anisotropy 
should be small. Eventually this effect may have appli- 
cation as a modulator of optical transmission or optical 
Bragg scattering. 

We are very grateful to J. W. Goodby for stimulating 
discussions and for providing the liquid-crystalline ma- 
terials. 
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Submicrosecond bistable electro-optic switching in liquid crystals 
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Ferroelectric smectic C (FSC) liquid crystals are used in a simple new geometry that allows the 
spontaneous formation of either of two surface-stabilized smectic C monodomains of opposite 
ferroelectric polarization. These domains are separated by well-defined walls which may be 
manipulated with an applied electric field. The resulting electro-optic effects exhibit a unique 
combination of properties : microsecond to submicrosecond dynamics, threshold behavior, 
symmetric Instability, and a large electro-optic response. 

PACS numbers: 61.30. - v, 78.20Jq 



In the smectic C (SC) liquid-crystalline phase mole- 
cules form a layered structure with the average orientation of 
the molecular long axes, denoted by the unit vector director 
ft tilted at an angle I2 0 to the layer normal (f axis). The direc- 
tor n exhibits a continuous degeneracy in its azimuthal ori- . 
entation, lying on a cone coaxial with f (Fig. 1). The azi- 
muthal orientation is thus readily manipulated by external 
forces or fields. Guided by an elegant physical argument, 
Meyer <?/ al. x showed that, for suitably constructed chirally 
asymmetric molecules, the SC structue will be ferroelectric, 
with a macroscopic electric dipole density P locally normal 
to n and lying in the (x, y) plane of the layers. In principle, 
FSC's yield, as a result of P»E torques, a strong linear cou- 
pling of h to applied electric field E. 1,2 However, this linear 
coupling is eliminated on a macroscopic scale by an addi- 
tional consequence of the molecular chirality, namely that n 
and P spiral about the £ axis to form an effectively antiferroe- 



lectric helical structure. We demonstrate here that it is possi-. 
ble to use surface interactions to suppress the an ti ferroelec- 
tric helix in a geometry that simultaneously provides (i) the 
stabilization of either of two domains of opposite ferroelec- 
tric polarization separated by domain walls (a situation not 
permitted in the bulk because of the rotational degeneracy of 
/?); (ii) convenient E field selection of molecular orientation 
via domain-wall manipuation; (iii) a large optical response 
(equivalent to the rotation of a uniaxial dielectric of refrac- 
tive index anisotropy An ~~0.2 through an angle 2/? 0 ~4545. 

Figure 1 illustrates the essential features of our geome- 
try. The SC is confined between flat plates which are treated 
so that the director at a surface is constrained to lie in the 
plane of the surface (y t = 0), but with no strong tendency for 
a particular orientation in the surface plane (y 2 free). For 
samples having the layers normal to the plates, this bound- 
ary condition requires a disclinated texture in order to be 




UP-' DOWN-^ 
pokier (P.O layers- 



FIG. 1. Schematic of the sample geometry 
showing UP and DOWN domains and a 
domain wall ( — { indicates a molecule 
whose right end projects outward). In the 

regions bounded by the dashed lines ( ) 

and the plates the SC tilt angle J? is less 
than /?„. This represents the core of the 
disclination and, in fact, may be very 
small. There may also be small layer com- 
pression effects. The polarizer (PI) and 
analyzer (P2) are crossed, with the polar- 
ization direction at an angle <p to the f axis. 
For <p — /?,„ light traversing the polarizer- 
sample-analyzer sandwich will be extin- 
guished in the DOWN slate and transmit- 
ted in the UP state. A positive applied 
voltage moves the domain wall so that the 
DOWN region grows. Domain walls hav- 
ing the opposite helix sense are also possi- 
ble and arc observed. 
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of a field favoring the UP orientation produces torques in the 
wall which induce wall motion that expands the UP region 
and vice versa. Possible structures for domain walls parallel 
and normal to the SC layers are shown in Fig. 1. Note that 
the domains in our case are stabilized by surface mechanical 
forces and not by bulk forces, distinguishing it from that of 
crystalline ferroelectrics. 

The optical effects associated with domain-wall motion 
arise from the different director orientations in the UP and 
DOWN states. Although weakly biaxial, 4 the SC may be 
taken for present purposes to be uniaxial, with the optic 
(high index) axis along n. The simplest geometry has the 
sample between crossed polarizers with ft parallel to the po- 
larization direction in the DOWN state ( <p = f2 w Fig. 1) 
leading to extinction of light passing through the polarizers 
and sample (DOWN = OFF). In the UP state the polariza- 
tion will make an angle 2f2 0 with the optic axis and a fraction 
of the incident optical power F will be transmitted, with 

F = / , 0 [sin(4/2 0 ) sin(irAn d M )] 2 . 

Here A n is the refractive index anisotropy, A the vacuum 
optical wavelength, and F 0 the parallel polarizer transmis- 




FIG. 2. Transmission micrographs (resolution ~ 1 fxm): (a) Domain-wall 
migration in a 1.5-thick SC DOB AMBC sample at T= 84 *C. The sample 
has been oriented by shear such that the layers are horizontal and normal to 
the page. The vertical texture is caused by remaining weak smectic layer 
undulations. The analyzer is horizontal and the polarizer is vertical making 
a small angle with the layer normal (faO. Voltage sequence (left to right 
and down): 0, 0.5, 1.0, 1.5 V. The transmitted light contrast between UP 
(bright) and DOWN (dark) domains is evident. This contrast reverses as the 
sample is rotated through <p — 0 and at <p = 0 only the domain walls are 
visible, dark, and sharp on a light background. Note the closed domain-wall 
loops, indicating the presence of domain walls of both signs, and the coales- 
cence of two loops to make one. (b) Sample appearance with <p = fi 0 under 
conditions of bistable operation. Vertical texture is as in 2(a), and horizontal 
lines are thin homcotropic regions resulting from the orienting shear. These 
serve to nucleate and terminate domain-wall motion. Voltage sequence: 1, 
(topieft) -5 V; 2, (top right) OV; 3, (bottom left) +5 V; 4, (bottom right) 0 
V. 




compatible with the bulk n, P helix. Since the energy re- 
quired to unwind the helix decreases as the sample thickness 
d t this boundary condition will suppress the n, P helix 3 for 
sufficiently thin samples (dSP, the helix pitch). In the ab- 
sence of the helix there are two stable, equal energy configu- 
rations of the SC, illustrated in Fig. 1 for the idealized case of 
complete freedom of angle y 2 . For FSC's these two types of 
n, P monodomains will possess opposite P normal to the 
plates, and will be denoted as the "UP "and "DOWN" 
states. The UP and DOWN states are structurally identical, 
differing only by a v rotation about the £ axis (symmetric 
bistability). Adjacent UP and DOWN regions in a sample 
will be separated by well-defined domain boundaries (Fig. 1) 
which are n inversion walls in the n t P field. The application 
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Fig. 3. Response of the optical transmission of a SC HOBACPC sample at 
T = 68 'C to pairs of opposite-polarity rectangular voltage pulses, spaced 
by 70 ms. VERT, photodiode output or applied voltage; HORIZ, time, (a) 
The top trace represents the optical response to above-threshold pulses 
showing switching to the OFF state at the beginning of the trace and back to 
the ON state 70 ms later. The ON pulses are above threshold for all traces. 
Top to bottom: response to OFF pulses of fixed width (r = 1.4 ps) and 
variable amplitude A » 44, 37, 29, and 26 V (10 ms/div). (b) Photodiode 
response to OFF pulses of fixed amplitude {A = 44 V) and variable width: 
t = 2.2, 1.1,0.9, and 0.6 /us (top to bottom), again the ON pulses arc above 
threshold ( 10 ms/div). (c) Dynamic optical response showing applied pulse 
(top) and photodiode output (bottom): LEFT (2 ps/div):^ = 20V,r = 2.0 
/is; RIGHT (l/is/div):>4 = 40V,r = 1 .0/is. (d) Dynamic optical response 
showing a series of b act in ic pulses (lop) of varying width for which A = 1.5 
V and 20 < r < 240 /is, and photodiode response (bottom); 50/is/div. 
Traces have been displaced vertically to avoid overlap. For A = 1.5 V full 
latching occurs for t > 200 fis. 
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sion. F= F 0 can be achieved for f2 0 £ 23° [this condition is 
metVor DOBAMBC 5 for T < 85 °C (Refs. 2, 4)], and 
d>/l /2d/i, implying </>2.5A~ 1.2 /im (4/1 — 0.2 for 
DOBAMBC 4 ). 

We now turn to our experimental results. The bounding 
plates were glass, coated with semi transparent conductive 
(100/2 /cm 2 ) Sn0 2 layers. The Sn0 2 surfaces were cleaned of 
contaminants and dust with spectrographs acetone and 
placed together without spacers (overlap area = 6x6 mm). 
The sample material was introduced between them by capil- 
lary suction from the isotropic phase, resulting in samples 
which were slightly wedged, typically varying from 0.5 to 3 
/im in thickness. The compounds used in this study were 
optically active DOBAMBC 5 and HOBACPC. 5 Observa- 
tions of the SA textures obtained upon cooling from the iso- 
tropic and obtained as a result of a gentle shearing of the 
bounding plates suggest the operative boundary conditions 
for these compounds to be those described above (y A = 0, y 2 
free). The overall behavior of the two compounds was quali- 
tatively similar except as noted below. 

In the SC phase the helix was absent and the electro- 
optic response was characterized by the motion of resolu- 
tion-limited domain walls separating regions having appar- 
ent optic axes (as determined by the angle <p of the crossed 
polarizer-analyzer required for extinction) oriented at an- 
gles <p — - ± 12 Q from the layer normal. The domain walls thus 
separate regions of nearly opposite polarization. Contrast 
ratios were limited by the degree of layer orientation 
achieved, with 20: 1 typical over millimeter square areas for 

Figure 2(a) shows typical domain-wall appearance in 
the SC phase. With a slowly varying voltage the detailed 
motion of the domain walls was followed and indicated their 
strong interaction with defects in the layer structure, surface 
imperfections and scratches, and subresolution defects, this 
observation prompted a search for bistable operation, which 
was indeed found, as indicated by Fig. 2(b), showing a sam- 
ple in either the UP or DOWN state for zero applied field. 
Bistability was further studied by applying pairs of opposite 
polarity rectangular voltage pulses of selectable amplitude 
A t width r t and time separation to the sample. The sample 
transmission was monitored by passing a 2-mW He-Ne laser 
through the microscope to a photodiode. Figure 3 shows 
typical results obtained on a 1.5-//m-thick 6 HOBACPC 
sample at T~ 68 °C for pairs of pulses separated by 70 ms. 
Figures 3(a) and 3(b) show respectively the optical response 
to pulses of fixed width (r = 1.4 /is and varying amplitude, 
and to pulses of fixed amplitude (A — 44 V) and varying 
width. For^r sufficiently large, the optical response is bista- 
ble, with the ( + , — ) pulse latching the monitored area 
(200 X 200 /im) into the (ON, OFF) state. The bistable latch- 



ing exhibits a relatively sharp threshold, going from zero to 
saturated memory response for a less than 25% change in 
At. The dynamic behavior of the optical response to a pulse 
[c.f. Fig. 3(c)] is characterized by a rise time r , which de- 
pends on pulse amplitude, increasing from a minimum of 1 
/is for ,4 = 20 V to 4 ms at A = 0.2 V. In general, for latching 
to occur, A and r must be such that the saturated optical 
response is achieved during the applied pulse. An exception 
to this occurs for short, high-voltage pulses (A > 20 V) for 
which, although the optical response time does not decrease 
below 0.9 fts, it does exhibit "inertia," continuing to satura- 
tion after termination of the pulse. This minimum response 
time is comparable to the RC time constant of the sample 
sandwich. Full switching could be achieved with pulse 
widths r, over the range A = 55 V, r, = 500 ns (At, = 25 
V //s) to A = 0.2 V, r, = 4 ms (At, — 800 V /is). This gener- 
al trend and fast response is expected from the simplest theo- 
retical estimate: At, ~rjd /P~ 10" 4 V s, where is an orienta- 
tional viscosity, although the predicted t, ~A dependence 
is obeyed only at the higher voltages (A > 10 V). The full * 
response, once attained, was stable over periods of at least 
several hours. The dynamic response to fast-rise-time pulses 
was homogeneous (i.e., independent of the size L of the sam- 
ple area monitored for L > 5 //m), reflecting the nucleation 
and motion of many domain walls. Results in DOBAMBC 
were similar, with rise times and requisite pulse widths two 
to three times longer, presumably a result of the smaller val- 
ue of P in this material. 7 

To conclude, the effects described here are of potential 
use where electro-optic effects having fast response and/or 
built-in memory are required (for example, matrix-ad- 
dressed video display). This work was supported by the 
Swedish Natural Science Research Council and the Swedish 
Board of Technical Development. 
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